This letter quantifies both experimentally and theoretically the diffusion of low-molecular-weight species across the interface between two aqueous solutions in pressure-driven laminar flow in microchannels at high Péclet numbers. Confocal fluorescent microscopy was used to visualize a fluorescent product formed by reaction between chemical species carried separately by the two solutions. At steady state, the width of the reaction-diffusion zone at the interface adjacent to the wall of the channel and transverse to the direction of flow scales as the one-third power of both the axial distance down the channel ͑from the point where the two streams join͒ and the average velocity of the flow, instead of the more familiar one-half power scaling which was measured in the middle of the channel. A quantitative description of reaction-diffusion processes near the walls of the channel, such as described in this letter, is required for the rational use of laminar flows for performing spatially resolved surface chemistry and biology inside microchannels and for understanding three-dimensional features of mass transport in shearing flows near surfaces.
Chemical patterning at the interface of two miscible fluids flowing laminarly and in parallel provides a method of microfabrication: examples include fabrication of microelectrodes 1 and patterning of mammalian and microbial cells. 2 The rational use of laminar flow for patterning and fabrication inside microchannels requires an improved understanding of the convective-diffusive transport processes near the walls of the channel. The most relevant component of this transport occurs across the interface between the flowing solutions transverse to the direction of the flow. In this letter, we combine experiments and theory to quantify this transverse diffusive transport as a function of the local flow speed and velocity profile.
Pressure-driven flow in microchannels generally is laminar, since the Reynolds numbers Re are small ͑under 100͒. Laminar flow patterning occurs by a chemical reaction at the interface between two miscible fluids flowing through a channel. 1 Here, we use confocal fluorescent microscopy to visualize the fluorescent product of the reaction between two nonfluorescent chemical species carried separately by the two flowing solution streams. The spatial extent of transverse diffusive mixing can be decreased by increasing the average flow speed ͑so long as the Reynolds number is small enough that the flow is laminar͒. We demonstrate experimentally that, at steady state near the top and bottom walls of the channel, the extent of transverse diffusive mixing across the fluid-fluid interface scales as the one-third power of the axial distance ͑z͒ along the channel and scales inversely as the one-third power of the maximum flow velocity. The extent of such mixing near the middle of the channel, where the flow speed is nearly uniform, scales as the more familiar one-half power of the axial distance ͑z͒ along the channel and inversely as the one-half power of the average flow velocity. Theoretical arguments are given for these two different scaling laws.
To test the predictions of the theory, we have fabricated microfluidic channels using the ''rapid prototyping'' technique described previously, 3 and used a single syringe pump to drive the fluids into the two inlets at a constant flow rate. Rather than deducing the extent of diffusive mixing from the flow profiles, we chose a direct approach-visualization of the region of diffusive mixing using confocal fluorescent microscopy ͑Leica TCS͒. Fluo-3 ͑m.w.ϭ770; we used the pentaammonium salt͒ is a commercially available, nonfluorescent compound that forms a strongly fluorescent 1:1 complex with a calcium ion (K d ϭ0.39 M͒. 4 The formation of the complex is diffusion controlled, therefore, we could visualize the region of diffusive mixing by observing the concentration of this complex near the interface between flowing aqueous solutions ͑pHϷ6.5) of 5 M fluo-3 and 1 mM CaCl 2 ͑Fig. 1͒. All experiments were conducted at room temperature, and it took 2-4 s to acquire each image in the lineaveraging mode. At a given axial distance z from the point where the streams join, the diffusive mixing is more extensive ͑i.e., the fluorescent region is broader͒ in the slowermoving fluid near the wall of the channel than in the middle of the channel. At low flow velocities we observe some interdiffusion in the dead volume of the Y junction ͓Fig. 1͑b͔͒, and we assume that its effect on the scaling behavior is negligible. 5 Below, we argue that the transverse diffusive broadening-which, ideally, should be limited in chemical patterning applications-obeys power-law behavior as a function of distance along the channel z and the average flow speed U a .
In order to quantify the scaling relationships that describe diffusive mixing in the laminar flows present in our experiments, we use the convective-diffusion equation for a͒ Authors to whom correspondence should be addressed. analyzed their data assuming the latter regime, and their experiments were indeed conducted at lower P/(z/H) ratios. 6 In this respect, the two approaches are complimentary to each other.
In the present study, the velocity field is the uniaxial Poiseuille-like flow ͑in a rectangular channel with width W and height H͒, which, although known in the form of a Fourier series, is sufficiently complicated that no simple analytical solution can be obtained to Eq. ͑1͒.
Instead of obtaining a numerical solution, we indicate two scaling laws for transverse diffusion that are natural consequences of Eq. ͑1͒ for channel flow. We utilize the fact that the flow profile at the interface (yϭ0) is approximately parabolic in x, with a maximum velocity in the middle of the channel (xϭ0), and with zero velocity at the walls (x ϭϮH/2). Near the middle of the channel-where ͓(x/(H/2)͔ 2 Ӷ1 and ͓ y/(W/2)͔ m Ӷ1, mϳ4 for our channels 7 -the velocity is nearly uniform and approximately equal to the maximum velocity U m (Ϸ2U a ). Also, near the top and bottom boundaries, x 2 Ӷ1 and ͓ y/(W/2)͔ m Ӷ1, where x ϭH/2Ϫ͉x͉, the velocity is approximately a linear function of the x-position, u(x,y,z)ϭGx e z . The shear rate, G (s Ϫ1 )Ϸ8(U a /H), and e z is the unit vector along the axis of the channel. It is this linear variation of velocity ͑that increases from zero at the solid boundary͒ that gives rise to the one-third power law for transverse diffusion near the walls of the channel. Near the center of the channel, u ϭU m e z ϩO(͓x/(H/2)͔ 2 ), so we can rewrite Eq. ͑1͒ in dimensional form U m ‫ץ‬c/‫ץ‬zϭDٌ 2 c. Thus, in the center of the channel, the transverse mass transport is simple diffusion, and by dimensional reasoning, this equation implies that an initial concentration distribution broadens in x and y as a function of the z position according to ␦(z)ϰ(Dz/U a ) 1/2 . We defined the thickness ␦(z) of the interfacial diffusion layer as the distance over which the concentration of the fluorescent complex falls to 0.2 of its maximum value.
A special case of transverse diffusion in the linear flow near a fixed boundary is known as the Lévêque problem. 8 This problem treats diffusion perpendicular to the boundary ͑along e x ) and across a linear flow field, uϭGx e z ϩO"͓x /(H/2)͔ 2 …. We will extend this classical result to account for diffusion in the other transverse direction, e y . In the traditional two-dimensional Lévêque problem, the approximate form of Eq. ͑1͒ for high-Péclet-number flow with ‫ץ‬c/‫ץ‬yϭ0 is Gx ‫ץ‬c/‫ץ‬z ϭD ‫ץ‬ 2 c/‫ץ‬x 2 . Hence, diffusive transport in x will depend on the distance down the channel z as
We must now relate this standard Lévêque result for the diffusive transport along e x to the diffusive transport along e y , as it is this ͑transverse͒ variation that leads to mixing and to the subsequent chemical reaction of the species present in the two adjacent laminar flows in our experiments. To do this, we rewrite Eq. ͑1͒ in cylindrical coordinates with the dimensionless similarity variable ϭr/(Dz/G) 1/3 . Here, x ϭr cos and yϭr sin for ϪϽ2Ͻ and C(,) ϭc(,,z): To test the theoretical predictions, we analyzed experimental data with SCION IMAGE. 9 For a given x ͑on each image we analyzed images only near xϷ0 and near xϷH/2) the width ␦(z) of the region mixed by diffusion was taken to be the width of the fluorescent region with the intensity above 0.2 of the maximum intensity. The spreading ␦(z) was always sufficiently small to be in a flow with uniform velocity profile in the y direction.
The experimental data confirmed the theoretical predictions. Near the wall of the channel, the width of the region mixed by diffusion scales as the 1/3 power (0.33Ϯ0.02) of the ratio of the axial distance z ͓Fig. 2͑a͔͒ and the average velocity of the fluid U a ͓Fig. 2͑b͔͒. For the uniform flow regime in the middle of the channel, we observed the expected square root (0.5Ϯ0.02) dependence on the ratio of z and U a .
Our theoretical analysis predicts two effects of decreasing the channel height H while keeping other parameters constant. First, it decreases the Péclet number and makes the difference between the diffusion near the top and bottom walls and in the center in the channel less dramatic, and in the limiting case the nonuniformity of diffusion can be ignored. 6 Second, in the high-Péclet-number limit it decreases the extent of the diffusional broadening ␦ ϳ(DHz/U a ) 1/3 near the top and bottom walls.
Even though the scaling laws by themselves are not sufficient for designing devices with specific characteristics, the results presented in this letter provide a basis for the rational control of spatially resolved transport processes at interfaces between phases in pressure-driven laminar flows. For example, understanding the scaling behavior of transverse diffusion near the surface of the channel is required for predicting the resolution of patterning and fabrication with laminar flow, 1 for the design of ''diffusional T sensors,'' 10,11 passive mixers, and other components for micrototal analysis systems. 12 The experimental technique described in this letter captures both the diffusive and convective transport processes within the fluid, and we believe that it will be broadly applicable to the imaging of more complex fluid flows, and to visualization of other technologically important transport problems such as mixing. The extension of the scaling arguments from the Lévêque problem to molecular lateral diffusion near the wall of a channel that we have validated experimentally should be applicable to the description of other diffusion-like phenomena such as heat and mass transfer, which influence many chemical and biological systems. 13 This extension is particularly important for adequate design of sensors operating in flows with linear shear, especially sensors in microchannels. 14 
